CHEMISTRY: SCHOOLEY ET AL. 579 F'9 in OF2.6 The spin-rotation constants at F'9 in OF2 are an order of magnitude less than Maa in 017CH2, but again none of the principal inertial axes of rotation in OF2 coincide with the OF bond. We have also calculated the field gradient at the oxygen nucleus and will report this work elsewhere. Optical rotatory dispersion (ORD) and circular dichroism (CD) are two physical methods which have recently found wide chemical applications,' notably in stereochemical studies.2 The principal limitation of these techniques is the requirement for optically active substances, which in theory could be overcome by producing magnetically induced rotation ("Faraday effect") for which no asymmetric molecules are required. These considerations prompted the renewed interests 4 in the earlier5 magnetic optical rotatory dispersion (MOR) work, which had not led to any particular chemical applications. These new measurements3 4were performed with both paramagnetic and diamagnetic substances and in Shashoua's nomenclature3 led to curves divisible into five types. Types I and II were the MOR counterparts of positive and negative ORD Cotton effects,6 while types III (negative) and IV (positive) are curves in which the MOR extremum coincides in wavelength with the absorption maximum and, thus, have no counterparts in ORD. Type V MOR curves are analogous to plain ORD curves6 in that no extrema or irregularities are encountered over the spectral range covered.
F'9 in OF2.6 The spin-rotation constants at F'9 in OF2 are an order of magnitude less than Maa in 017CH2, but again none of the principal inertial axes of rotation in OF2 coincide with the OF bond.
We have also calculated the field gradient at the oxygen nucleus and will report this work elsewhere.
Optical rotatory dispersion (ORD) and circular dichroism (CD) are two physical methods which have recently found wide chemical applications,' notably in stereochemical studies. 2 The principal limitation of these techniques is the requirement for optically active substances, which in theory could be overcome by producing magnetically induced rotation ("Faraday effect") for which no asymmetric molecules are required. These considerations prompted the renewed interests 4 in the earlier5 magnetic optical rotatory dispersion (MOR) work, which had not led to any particular chemical applications. These new measurements3 4were performed with both paramagnetic and diamagnetic substances and in Shashoua's nomenclature3 led to curves divisible into five types. Types I and II were the MOR counterparts of positive and negative ORD Cotton effects,6 while types III (negative) and IV (positive) are curves in which the MOR extremum coincides in wavelength with the absorption maximum and, thus, have no counterparts in ORD. Type V MOR curves are analogous to plain ORD curves6 in that no extrema or irregularities are encountered over the spectral range covered.
In view of the close relationships 2between ORD and CD of optically active substances, it is obviously important also to conduct magnetic circular dichroism (MCD) measurements complementary to the above-mentioned MOR studies.
The phenomenon of MCD, which is related to Zeeman level splittings,6" seems to have been observed7 only with paramagnetic cobalt salts and we now record in preliminary form our own activities in this field.8 While it is as yet premature to attempt correlations with structural parameters or extensive theoretical interpretations in view of the limited experimental material, the data should be compared with the recorded3 4 MOR literature, since complementarity as well as divergence may be noted. Furthermore, the present results indicate the direction in which research in this field is progressing and the type of instrumentation that is involved.
Experimental Procedures.-A commercial Baird-Atomic/Jouand ichrograph was modified by placing a right-angle silica prism immediately after the Pockels modulating cell so that the beams emerged perpendicularly and at the front of the instrument. The magnet (Varian klystron focusing magnet fitted with 5-cm iron pole pieces tapered to 2.54 cm and with an 8-mm axial hole) could then be suitably located with an adjustable support and the photomultiplier placed at the other end of the magnet. An auxiliary magnetic shield with shutter was constructed for the front of the regular photomultiplier housing. The cells were 1-cm round silica cuvettes, for which a 1.3-cm pole gap was necessary. The average field was approximately 8500 gauss (as measured with a Bell model 110 gauss meter), and polarity was chosen so that the optical beam proceeded from the north to the south pole of the water-cooled magnet which was powered by a 0-100-volt, 8-amp, filtered DC power supply (current maintained at 7 amp). The extraordinary ray was masked off in the pole gap just before the beam passed through the sample, and the proper functioning and wavelength calibration was checked by running the CD spectra (without magnetic field) of standard steroid samples. No stray light effects were noticed in running the base lines of the MCD spectra which were obtained by scanning the sample with the magnetic field turned off. A 650-watt, type DWY, Sylvania "Sungun" lamp was employed as light source for the 600-320-mp range, while the standard deuterium lamp was employed below 320 mju. Due to limitations of the dichrograph monochromator, no measurements were performed above 600 m1A.
The MCD spectra of the rare earths are very dependent on the slit width because of the extreme narrowness of their absorption bands. The MCD amplitudes reported may be 20-50 per cent too low because, for technical reasons, the spectra were not run at constant band pass.
The sample compartment of the commercial Japan Spectroscopic Co. spectropolarimeter (JASCO model ORD-5) is such that MOR measurements can be conducted by simply inserting specially machined solenoid magnets. In order to avoid the complications caused by the strong magnetic rotation of the solvent, two water-cooled solenoids (rigidly supported by being potted in epoxy resin inside a soft iron cylinder (3 mm wall thickness) and separated from each other by means of an iron disk of 6 mm thickness) were placed coaxially with respect to the optical axis of the spectropolarimeter. A sample tube containing pure solvent was positioned in the first solenoid, while the sample solution was placed in the second one. The solenoids were connected in series to a DC power supply so that current flowed through the two solenoids in opposite directions. A variable resistance was connected in parallel with one of the coils so that identical magnetic fields (ca. 1500 gauss) could be produced which resulted in cancelling of the rotations due to the solvent-the observed rotation then being caused only by the solute. This ideal is reached only when dilute solutions are employed. When concentrated solutions are employed, the amount of solvent in the solution is sufficiently smaller than that in the pure solvent cell to give rise to a measurable background rotation. This factor is partially responsible for the drift of the MOR spectra (see Figs. 3-6) of the rare earths, which had to be run in concentrated solution (4-8 gm/100 ml water). It should be noted that one of the important advantages of MCD over MOR is the fact that no corrections for solvent need to be considered.
Results.-The experimental results are most conveniently presented in figure form. The MCD curves of CoCl2 6H20 (Fig. 1 ) in water9 and of FeCl3-6H20 (Fig. 2) in ethanol bear the same relationship to their absorption spectra as do the usual CD curves of optically active substances;'0 their opposite signed magnetic Cotton effects are in complete accord with the recorded3' 9 MOR curves (types I and II in Sha- HCl curves in Figs. 1 and 2 ), and this observation will be followed up in future work. Other salts, such as cobaltous perchlorate, potassium ferricyanide, and the acetylacetonates of these cations, yielded MCD curves in the region of their absorption bands. Instructive examples of MCD curves of paramagnetic salts may be found among the rare earths whose absorption spectral' are characterized by a series of very sharp absorption bands (see Figs. 3-6 ). As shown with holmium. (Fig. 3) , neodymium, (Fig. 4) , samarium. (Fig. 5) , and praseodymium (Fig. 6 Noteworthy is the fact that, in contrast to the situation encountered, for instance, with cobaltous chloride (Fig. 1) , most of the rare earths give rise, for each given absorption band, to a negative as well as positive MCD component associated with Zeeman splitting. 12 All the hitherto described examples cover optically inactive substances. The importance of examining the magnetic rotatory behavior of optically active compounds has already been alluded to by Shashoua-6 in an investigation of cytochrome c, whose MOR spectrum showed considerably more fine structure than the corresponding ORD spec- ( Fig. 9) , where essentially no CD maxima were encountered in those spectral regions in which marked MCD effects are noticeable.
Ketones (e.g., acetone, acetophenone) and dyes, such as acridine, give3' type III and IV MOR curves which, as we noted in the introduction, have no counterpart in ORD studies of optically active ketones.' MICD measurements of these diamagnetic substances did not give any perceptible curves, and the same holds true for a variety of hindered biaryls as well as hexahelicene-the optically active counterparts of which represent prototypes of intrinsically dissymmetric chromophores with powerful ORD and CD spectra.'3 Similarly, no MCD curves were obtained with substances containing the thione grouping, ferrocene, diphenylpicrylhydrazyl free radical, the charge transfer complex of tetracyanoethylene with hexaethylbenzene, and salts of Ni++, Fe++, and Co+++ (including vitamin B12). Pertinent to these results is the observation that tetrabutylammonium cobalt bistoluene-3,4-dithiolate, whose structure'4 is of considerable interest, does exhibit an anomalous MCD spectrum.
Most, but not all, of the substances where no MCD could be observed are diamagnetic. It remains to be seen whether a diagnostically significant generalization will emerge from additional measurements now under way or whether MCD spectra will be encountered in such substances which, in Shashoua's hands,3 gave type III and IV anomalous MOR curves when instruments with improved sensitivity and especially with higher magnetic fields were employed. The use of superconducting magnets would seem to be indicated, and instrumental modifications along those lines are under way in our laboratory. The conditions under which the polynucleotides display ordered structures, on the one hand, and random orientations, on the other, have been a subject of interest since the discovery of the macromolecular nature of the naturally occurring nucleic acids. The influence of metal ions upon the conformation of DNA was realized early, when it became apparent that metal ions are involved in the stabilization of the Watson-Crick double helix.', 2 It has now been amply demonstrated that different metal ions, under a variety of conditions, are capable of producing quite different effects upon the structure of polynucleotides.3-7 Metal ions can degrade the ribose phosphate backbones by scission of the phosphate bonds.8-'3 Mercury (II) ions can bind to the nucleoside bases in such a manner that the two chains become cross-linked;14-17 native doublestranded DNA can be regenerated from this structure by removal of mercury with complexing anions.'5 16 A striking demonstration of the differences in the influence of various metal ions upon DNA is the discovery that different metal ions exert opposite effects on the Tm of DNA. Whereas most metal ions increase Tm, some of them decrease it, and among the latter category copper (II) is exceedingly effective. 18 The increased Tm has been attributed to a stabilization of the DNA structure by metal binding to phosphate, and the decrease in Tm has been considered as resulting from coordination of the metal to electron donor groups on the nucleosides; such coordination would displace the hydrogen bonds that hold together the two strands of the DNA helix.18, 19 The present investigations have shown that copper (II) causes the unwinding of the DNA helical structure, and that the unwound strands can be rewound into the native double-helical configuration; the evidence indicates that this recombination is total.
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